INTRODUCTION
============

Memory impairment is a main health concern associated with aging, and memory problems are common in healthy aging and in pathological aging such as mild cognitive impairment (MCI) or dementia \[[@b1-pi-2019-0225],[@b2-pi-2019-0225]\]. Cognitive decline naturally occurs with aging in widespread cognitive domains including those associated with attention, memory, visuospatial, language, and executive function \[[@b3-pi-2019-0225]\]. Because memory problems are easily recognizable and an overt outcome of cognitive processes, any cognitive dysfunction is often considered a memory problem regardless of other dysfunctions in attention or executive function that can underlie inefficient memory functioning.

Memory training programs that teach mnemonic strategies have recently emerged to improve memory, and previously published studies indicate that such programs are effective in enhancing memory performance among older adults \[[@b4-pi-2019-0225]-[@b6-pi-2019-0225]\]. However, some researchers have expressed concern that this strategy-based intervention that utilizes training with specific mnemonics has limited potential for generalization to other cognitive domains or to everyday functions \[[@b7-pi-2019-0225]\]. Moreover, such strategy-based training was less effective for older adults compared to young adults \[[@b6-pi-2019-0225],[@b8-pi-2019-0225]\]; however, process-based training has demonstrated comparable effects in older adults and young adults \[[@b9-pi-2019-0225]\].

Process-based cognitive training targets basic processing capacities, such as speed of processing, working memory, and executive function, that are associated with the efficient operation of higher cognitive function \[[@b9-pi-2019-0225]\]. This approach aims to exert influence over the mechanisms underlying memory function by training more general cognitive techniques associated with memory processes. Processing capacities are closely related to age-related cognitive decline \[[@b10-pi-2019-0225]\], and malfunctioning in any of the processing capacities can lead to poor memory performance. According to the literature, process-based interventions were more effective than strategy-based interventions in older adults; in particular, working memory and executive function training was not only effective but also transferable to untrained cognitive domains in this group \[[@b9-pi-2019-0225],[@b11-pi-2019-0225],[@b12-pi-2019-0225]\].

Delayed free recall, a traditional measure used to assess the effect of cognitive training, is a mixed outcome of the memory processes. According to the Boston Process Approach to neuropsychological assessment \[[@b13-pi-2019-0225]\], which emphasizes how an individual performs a task (i.e., process) instead of whether or not he/she succeeds, there can be multiple reasons for poor performance on delayed free recall. These include poor registration due to attention problems, poor consolidation due to hippocampal pathology, and inefficient search for retrieval that reflects frontal lobe dysfunction \[[@b14-pi-2019-0225],[@b15-pi-2019-0225]\]. Poor delayed recall can also result from interference by irrelevant or similar stimuli if participants demonstrate intrusion errors or reduced recall after disturbing stimuli. Therefore, this complex measure is insufficient for detecting cognitive changes that result from process-based cognitive training aiming to improve mechanisms underlying memory.

In this study, we investigated the effects of process-based cognitive training that targets working memory and cognitive control on memory improvement in healthy elderly adults and patients with MCI. Scores and indexes that reflect underlying memory processes were used to assess which areas were influenced by working memory and cognitive control training. We further sought to investigate whether the effects of process-based training in MCI patients were comparable to those in healthy elderly adults, since there may be different causes of memory dysfunction in healthy older adults and MCI patients.

METHODS
=======

Participants
------------

Forty healthy elderly subjects and 40 patients with MCI between 55 and 85 years of age were each randomly assigned to one of two groups: intervention or control. Healthy elderly subjects included individuals who were between 55 and 85 years of age and had not been diagnosed with MCI or any kind of dementia. MCI subjects included individuals who were between 55 and 85 years of age and met the MCI criteria suggested by the International Working Group on MCI \[[@b16-pi-2019-0225]\]. We excluded individuals who had any neurological or psychiatric disease, were clinically suspected to have other medical conditions that could affect cognitive function, or had visual or hearing problems that could affect their performance on computerized cognitive training.

Procedure
---------

The study was approved by the Institutional Review Board of Samsung Medical Center (No. 2015-10-080, No. 2016-01-013). All participants provided written informed consent in accordance with the Declaration of Helsinki. Each subject was randomly assigned by computerized randomization (<https://www.randomization.com>) to one of two groups: intervention (n=40, 20 healthy elderly subjects and 20 MCI patients) or control (n=40, 20 healthy elderly subjects and 20 MCI patients). Of the 80 participants, eleven participants left the study before completion: six participants (3 normal elderly subjects and 1 MCI patient) from the control group and five participants (3 normal elderly subjects, 2 MCI patients) from the intervention group. These individuals either refused to undergo the intervention procedure or were lost to follow-up after the pre-intervention assessment. Data obtained from sixty-nine participants who completed the study were analyzed. The intervention group underwent cognitive training for 30 minutes per day, three times per week, for four consecutive weeks. The control group did not undergo training. To assess the effectiveness of the cognitive training, comprehensive neuropsychological tests, including memory tests, were administered three times: baseline (at the beginning of the study), after the training intervention (i.e., at four weeks), and at a four-week follow-up visit (i.e., eight weeks after the beginning of the study) in both the intervention and control groups. The study timeline is depicted in [Figure 1](#f1-pi-2019-0225){ref-type="fig"}. [Table 1](#t1-pi-2019-0225){ref-type="table"} shows demographic variables for each group. There were no differences in the mean age, years of education, or sex ratio between the intervention and control groups.

Interventions
-------------

The subjects assigned to the intervention group visited the hospital three times per week and underwent computerized cognitive training for 30 minutes under the supervision of an occupational therapist for four weeks. All subjects were trained for a total of six hours during the four-week intervention period.

Computerized cognitive training
-------------------------------

'Younger travel^®^' is a computerized cognitive training program operable on a tablet and developed by C2Monster Co., Ltd. (Seoul, South Korea) that seeks to improve cognitive function in older individuals and patients with MCI. This program consists of four games targeting the major symptoms of cognitive disorders: cognitive control, working memory, memory, and visuospatial perception. Among these four training games, the cognitive control and working memory training games were used as the intervention tasks. Each game consists of multiple difficulty levels, and all participants started from the lowest level. The trainee leveled up if he/she performed with at least 80% correct responses; otherwise, the trainee repeated the same level until the criteria were met.

Measures
--------

The Verbal Learning and Memory Test of the Computerized Neurocognitive Function Test (CNT; Maxmedica, Seoul, South Korea) was used as the primary outcome. In this test, participants listened to a list of 15 words (list A) five times (trial A1-A5) via the recorded voice of the computer program and recalled out loud as many words as possible after each trial (immediate recall). After the fifth trial (A5), a new interference list (list B) was presented and recalled. After the presentation of list B, participants recalled the words from list A again (A6). After a 20-min delay, participants were asked to recall as many original words from list A as possible (delayed recall), and they were then asked to select words from list A out of 50 words presented on a computer screen containing 15 list A words (recognition). Seven scores were obtained as outcome measures in this study: 1) the total number of words recalled immediately after trials A1 to A5 (A1+A2+A3+A4+A5; total learning), 2) the difference between A5 and A1 (A5- A1; learning index), 3) the total number of words recalled after a 20-min delay (delayed recall), 4) the total number of words correctly selected from the 50-word list (recognition), 5) the difference between A5 and delayed recall divided by A5 \[(A5-delayed recall)/A5; percentage of forgetting\], 6) the difference between A5 and B divided by A5 \[(A5-B)/A5; prospective interference\], 7) the difference between A5 and A6 divided by A5 \[(A5-A6)/A5; retrospective interference\].

Other neurocognitive tests selected from the CNT in addition to memory were also included in this study. The digit/spatial span forward and backward tests were used to measure auditory or visual attentional capacity and working memory. The auditory/visual continuous performance test was used to measure auditory and visual sustained attention. The visual learning test was used to measure visual recognition. The trail making test and the Stroop color and word test were used to measure the executive aspect of cognitive function, including set shifting, working memory, cognitive control, and inhibition.

The Korean Montreal Cognitive Assessment (K-MoCA) \[[@b17-pi-2019-0225]\] is the Korean version of the Montreal Cognitive Assessment \[[@b18-pi-2019-0225]\], which measures global cognitive function with a total score from five cognitive domains: attention and concentration, executive function, memory, language, and visuo-constructional skills. The total possible score is 30 points.

Finally, the Korean version of the Geriatric Depression Scale Short Form (K-GDS-SF) \[[@b19-pi-2019-0225],[@b20-pi-2019-0225]\] was used to assess the presence of depressive symptoms in the participants. It consists of 15 questions about depressive symptoms related to negative thoughts about the self and environment, negative feelings, and cognitive dysfunction.

Statistical analysis
--------------------

SPSS ver. 19.0 (IBM, Corp., Armonk, NY, USA) \[[@b21-pi-2019-0225]\] was used for statistical analyses of these data. Descriptive information for the groups was compared using t-tests or chi-squared tests. Repeated-measures analysis of variance (RMANOVA) was used to compare changes in test scores during the entire study period between groups. Analysis of covariance (ANCOVA) was used to compare post-intervention or follow-up test scores between groups while controlling for pre-intervention test scores. To determine whether treatment effects differed between normal elderly subjects and MCI patients, MCI status was added to the analysis and the interaction effect of training with MCI status was tested. The level for significance was set at p\<0.05. Further, all statistical analyses were adjusted for the following background variables: age, sex, education.

RESULTS
=======

Verbal learning and memory test of the CNT
------------------------------------------

Seven scores or indexes from the verbal learning and memory tests at three time points are presented in [Table 2](#t2-pi-2019-0225){ref-type="table"}. The performances of both the intervention and control groups showed trends for improvement, but a significant beneficial effect of training was observed in delayed recognition (p=0.023, partial η^2^=0.12) and retrospective interference indexes (p=0.002, partial η^2^=0.20) by RMANOVA ([Table 3](#t3-pi-2019-0225){ref-type="table"}). Delayed recognition scores were increased post-intervention (T1) and at follow-up (T2) in the training group, which was not observed in the control group ([Figure 2A](#f2-pi-2019-0225){ref-type="fig"}). The retrospective interference index, for which a lower score reflects better performance, was reduced initially post-intervention (T1) and slightly increased at follow-up (T2) in the training group, while this index was just slightly reduced at T1 and T2 in the control group ([Figure 2B](#f2-pi-2019-0225){ref-type="fig"}). ANCOVAs were used to compare post-intervention and follow-up test scores for both the training and control groups while controlling for pre-intervention test scores as a covariate. The training group showed significant improvement in delayed recognition at follow-up (p=0.013, partial η^2^=0.10) and in retrospective interference index at post-intervention (p=0.002, partial η^2^=0.20) compared to the control group. An interaction effect between training and MCI status was observed only in the index of percentage of forgetting at post-intervention (p=0.028, partial η^2^=0.08), with healthy older adults increasing more than MCI patients. There was no other significant interaction effect between training and MCI status by RMANOVA or ANCOVA.

Other neurocognitive tests of the CNT
-------------------------------------

The digit span forward (p=0.015, partial η^2^=0.13) and backward (p=0.014, partial η^2^=0.13) tests, which measure attention and working memory, increased after the intervention in the training group and these increases were significantly different from alterations in the control group by RMANOVA ([Tables 2](#t2-pi-2019-0225){ref-type="table"} and [3](#t3-pi-2019-0225){ref-type="table"}). The training group demonstrated significant improvement in the digit span forward test at follow-up (p=0.001, partial η^2^=0.16) and digit span backward test post-intervention (p=0.007, partial η^2^=0.12) by ANCOVA controlling for pre-intervention test scores ([Tables 2](#t2-pi-2019-0225){ref-type="table"} and [3](#t3-pi-2019-0225){ref-type="table"}). No significant interaction effect of training with MCI status was observed. No other measures demonstrated significant effects of training, MCI status, or interaction between training and MCI status in the statistical analyses.

K-MoCA
------

The total K-MoCA score, a measure of global cognitive function, was increased post-intervention and remained elevated at follow-up in the training group, and these increases were significantly different from the control group by RMANOVA (p=0.043, partial η^2^=0.05) ([Tables 2](#t2-pi-2019-0225){ref-type="table"} and [3](#t3-pi-2019-0225){ref-type="table"}). The results of the ANCOVA showed that the score at follow-up was significantly higher in the training group compared to the control group after controlling for the pre-intervention score (p=0.027, partial η^2^=0.08) ([Figure 3A](#f3-pi-2019-0225){ref-type="fig"}). There was no significant interaction effect between training and MCI status by RMANOVA or ANCOVA analyses.

K-GDS-SF
--------

Depression was also alleviated post-intervention through follow-up in the training group, and the alteration in scores was significantly different from the control group, where the K-GDS-SF score increased from post-intervention to follow-up (p=0.028, partial η^2^=0.11) ([Tables 2](#t2-pi-2019-0225){ref-type="table"} and [3](#t3-pi-2019-0225){ref-type="table"}). Compared to the control group, follow-up K-GDS-SF scores were significantly lower in the training group by ANCOVA controlling for preintervention K-GDS-SF score (p=0.007, partial η^2^=0.11) ([Figure 3B](#f3-pi-2019-0225){ref-type="fig"}). There was no significant interaction effect between training and MCI status by RMANOVA or ANCOVA.

DISCUSSION
==========

This study was conducted to investigate the effect of a process-based cognitive intervention that targeted working memory and cognitive control on the improvement of memory in healthy elderly subjects and MCI patients. Cognitive training affected cognitive processes underlying memory function, as evidenced by a reduction in interference by irrelevant stimuli and an increase in recognition of the stored stimuli. Furthermore, it ameliorated depressive symptoms and improved global cognitive function. Finally, these training effects were not moderated by MCI status. Taken together, our results support previous studies demonstrating the effect of cognitive improvement after cognitive training \[[@b7-pi-2019-0225],[@b22-pi-2019-0225],[@b23-pi-2019-0225]\]. More importantly, they also provide insight into the mechanisms influenced by process-based cognitive training that targets working memory and cognitive control.

In memory tests, the training group showed improvement in their retrograde interference index after cognitive training. A lower retrograde interference index means that recall of learned information (List A) is less disturbed by other similar information (List B) presented thereafter. This process requires the 'central executive' of the Baddeley's working memory system \[[@b24-pi-2019-0225]\] to allocate attentional resources and regulate cognitive processes to make sure short-term store is actively working for old information (List A) while the 'phonological loop' is rehearsing new information (List B). Cognitive control is another process required for successful memory retrieval from short-term storage, where old information competes with new and irrelevant information. Therefore, in the training group, retrograde interference seemed to be improved through the enhancement of working memory and/or cognitive control after training. In daily life, interference is thought to be one of the reasons for memory loss, which is regarded as an early sign of cognitive aging and dementia \[[@b25-pi-2019-0225]-[@b27-pi-2019-0225]\]. Thus, this result suggests that cognitive training that targets working memory and cognitive control improves memory function by reducing interference not only in normal aging but also in pathological aging.

Participants in the training group showed improvement in the delayed recognition test compared to the control group. This result is consistent with previous reviews reporting that cognitive training improved recognition memory \[[@b28-pi-2019-0225]\]. Also, there is literature that suggests cognitive control is closely related to the process underlying recognition \[[@b29-pi-2019-0225],[@b30-pi-2019-0225]\]. One of the numerous factors that can affect memory retrieval is the quality of original memory encoding \[[@b31-pi-2019-0225]\]. Reduced retrograde interference could contribute to strong and clear encoding of the stimuli, making it less likely for retrieval to be interrupted by similar stimuli presented later. However, although scores increased following intervention in this study, improvement in the delayed free recall score was not statistically significant: this result is not consistent with previous studies \[[@b28-pi-2019-0225]\]. These two types of retrieval modes, recall and recognition, overlap in part but are associated with different cognitive processes and neural systems. Recognition is associated with the function of the frontal lobe, while recall is more associated with the medial temporal lobe, particularly the hippocampus \[[@b14-pi-2019-0225],[@b15-pi-2019-0225]\]. Therefore, recognition could benefit more from training that targets cognitive processes associated with the frontal lobe compared to recall.

Other cognitive test scores, such as those from the digit span forward and backward tests, were also improved after training. This is not surprising given that these tests are directly related to the training domain. Remarkably, improvement was observed in general cognitive function after training, as measured with the K-MoCA scale, which suggests a generalized effect of process-based cognitive training. However, it is also possible that the overall score increased because the K-MoCA scale includes tests that assess attention, working memory, and executive function.

Depression was also ameliorated after training, and this effect persisted at follow-up four weeks after intervention. These results differ from those of a previous study \[[@b23-pi-2019-0225]\] that used non process-based cognitive training, in which cognitive training did not have any effect on the participants' mood. Investigators generally regard depression as a risk factor for cognitive impairment \[[@b32-pi-2019-0225],[@b33-pi-2019-0225]\], but on the contrary the results of this study demonstrate that depression could be alleviated by improving cognitive processes such as working memory and cognitive control. Negative thought contents \[[@b34-pi-2019-0225],[@b35-pi-2019-0225]\] and negative thought processes \[[@b36-pi-2019-0225],[@b37-pi-2019-0225]\] are the two factors that contribute to the development of depression. Rumination is a negative thought process that is defined as passive and repetitive thinking of the causes, consequences, and symptoms of the current negative affect \[[@b38-pi-2019-0225]\], and it is associated with cognitive control and flexibility \[[@b39-pi-2019-0225],[@b40-pi-2019-0225]\]. The cognitive training that targeted working memory and cognitive control used in this study might help break the vicious circle of negative thought. This result is consistent with the idea that the dorsolateral prefrontal cortex (DLPFC), which is associated with working memory and cognitive control, provides emotion regulation \[[@b41-pi-2019-0225]\].

MCI status did not moderate the main effect of cognitive training, indicating that there was no evidence of differential effects of cognitive training between the two populations studied. Poor memory consolidation associated with hippocampal dysfunction may be one of the major causes of poor memory in MCI patients, considering the similar neurobiological changes seen in amnestic MCI patients and those with Alzheimer's disease \[[@b42-pi-2019-0225]-[@b44-pi-2019-0225]\]. However, the MCI patients also benefited from the cognitive training that targeted working memory and cognitive control, not consolidation. These results suggest that there are various cognitive processes that cognitive training can target to improve memory function, and that even MCI patients can benefit from such cognitive training by focusing training on the preserved functions of the individual patient.

There are several limitations to this study. First, the 'no contact control' used in this study can make the effect of training unclear, because any situation related to cognitive training, including the placebo effect, as well as the training content itself could affect outcome measures. Also, the subjects in the training group could have known that they were being trained due to experiencing repetitive training sessions, though they were not informed that they were in the training group. Therefore, it is not possible to completely exclude the possibility that factors other than the training affected the results as suggested in a previous study \[[@b45-pi-2019-0225]\]. However, the improvements in memory processes in accordance with the targets of the cognitive training and the observed changes in depressed mood in contrast with the results of a previous study using non processbased cognitive training \[[@b23-pi-2019-0225]\] support the causal relationship between process-based training and cognitive or emotional improvement. Second, follow-up was performed for only four weeks in this study; we could not assess the long-term maintenance of the training effects. Some outcome measures demonstrated a lagged training effect that showed improvements in follow-up assessment rather than the post-intervention assessment. The lagged effect was reported in a previous study that was conducted for ten years, in which the transfer effect was found in the training group five years later \[[@b46-pi-2019-0225],[@b47-pi-2019-0225]\]. This result implies that a training effect can be maintained for a considerable period of time. Thus, had the follow-up period been longer, we might have seen longer maintenance or a lagged effect of cognitive training. The potential long-term effects of this process-based cognitive training on cognitive functioning or depression need to be investigated in a future study. Third, the small sample size in our study may have reduced its statistical power and may limit the generalizability of the results, although we tried to meet the minimum requirement for parametric statistics suggested in the literature \[[@b48-pi-2019-0225]\]. These results should be replicated in further studies with larger samples. Fourth, depression and cognitive function are so closely interrelated that we can not overlook the possibility that depression influenced the training effect. We tried to control the confounding variables, including depression, by randomizing subjects into two groups. The baseline K-GDS-SF score did not differ between the intervention and control groups, thus, it is unlikely that depression affected the baseline cognitive function of the two groups differently. However, we can not exclude the possibility that amelioration of depression due to cognitive training also affected on improvement of cognitive function. This issue should be addressed in further studies. Lastly, the ultimate clinical goal of cognitive training is an improvement in functions of daily living; however, our results have limited generalization to everyday tasks.

This study revealed that process-based cognitive training which targets working memory and cognitive control was effective in improving memory processes including retrograde interference and recognition, and depressive symptoms associated with both normal and pathological aging.

Cognitive training is a safe and alternative option to chemical modulation such as medication for patients with cognitive decline. However, the exact mechanisms by which training works have not been thoroughly elucidated. This study provides insight into these mechanisms by assessing a wide range of scores and indexes that represent memory processes. In addition, this study provided evidence that only six hours of short-term intervention was sufficient to demonstrate a positive effect due to cognitive training. These results may help guide healthcare providers in establishing intervention plans for patients with cognitive impairment.
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![Changes in memory scores after intervention and during follow-up. A: The verbal delayed recognition scores demonstrate the training group showed significant improvement after intervention by RMANOVA (a, p\<0.05). An ANCOVA showed that the score at T2 was significantly higher (b, p\<0.05) in the training group compared with the control group when T0 was included in the analysis as a covariate. B: The verbal retrospective interference index scores demonstrate the training group showed significant improvement after intervention by RMANOVA (c, p\<0.001). An ANCOVA showed that the interference index at T1 was significantly lower (d, p\<0.01) in the training group compared with the control group when T0 was included in the analysis as a covariate. MCI: mild cognitive impairment, TO: pre-intervention, T1: post-intervention, T2:follow-up, ANCOVA: analysis of covariance, RMANOVA: repeated measure analysis of variance.](pi-2019-0225f2){#f2-pi-2019-0225}

![Changes in general cognitive function and depressive symptoms after intervention and during follow-up. A: The general cognitive function scores demonstrate the training group showed significant improvement in Korean Version of the Montreal Cognitive Assessment (K-MoCA) scores after intervention by RMANOVA (a, p\<0.05). An ANCOVA showed that the K-MoCA score at T2 was significantly higher (b, p\<0.001) in the training group compared with the control group when T0 was included in the analysis as a covariate. B: The depressive symptoms scores demonstrate the training group showed significant improvement in Korean Version of the Geriatric Depression Scale Short Form (K-GDS-SF) scores after intervention by RMANOVA (c, p\<0.05). An ANCOVA showed that the K-GDS-SF score at T2 was significantly lower (d, p\<0.01) in the training group compared with the control group when T0 was included in the analysis as a covariate. MCI: mild cognitive impairment, K-MoCA; Korean Montreal Cognitive Assessment, K-GDS-SF: Korean version of the Geriatric Depression Scale Short Form, TO: preintervention, T1: post-intervention, T2: follow-up, ANCOVA: analysis of covariance, RMANOVA: repeated measure analysis of variance.](pi-2019-0225f3){#f3-pi-2019-0225}

###### 

Demographic variables of participants in control and experimental (training) groups

                      Control group (N=34)   Experimental (training) group (N=35)   t/χ^2^                                                                                                                                                    
  ------------------- ---------------------- -------------------------------------- ------------------------------------------------------------- -------------- -------------- ------------------------------------------------------------- --------
  Age, M (SD)         65.44 (8.10)           61.33 (6.49)                           68.68 (7.90)                                                  65.31 (7.47)   62.00 (6.50)   68.44 (7.11)                                                  0.068
  Education, M (SD)   11.71 (3.72)           12.60 (2.53)                           11.00 (4.38)^[\*](#tfn1-pi-2019-0225){ref-type="table-fn"}^   13.26 (3.47)   12.71 (3.33)   13.78 (3.61)^[\*](#tfn1-pi-2019-0225){ref-type="table-fn"}^   -1.792
  Sex, M:F            8:26                   4:11                                   4:15                                                          9:26           3:14           6:12                                                          0.044

No significant differences between the control and cognitive training groups were observed.

significant difference (p\<0.05) between the MCI control and MCI training group.

MCI: mild cognitive impairment

###### 

The cognitive test scores in control and experimental group at pre-intervention, post-intervention, and four-week follow-up

  Measures                                                                  Control group   Experimental (training) group   RMANOVA       ANCOVA                                                                                                                                                       
  ------------------------------------------------------------------------- --------------- ------------------------------- ------------- ------------- ------------- ------------- ------------------------------------------------------- ---------------------------------------------------------- --------------------------------------------------------
  Global cognitive function                                                                                                                                                                                                                                                                            
   MoCA-K                                                                   23.26±2.59      24.65±3.30                      24.68±2.87    23.97±3.48    25.06±2.87    26.37±3.48    3.35^[\*](#tfn2-pi-2019-0225){ref-type="table-fn"}^     0.22                                                       5.21^[\*](#tfn2-pi-2019-0225){ref-type="table-fn"}^
  Attention                                                                                                                                                                                                                                                                                            
   Digit span forward^[†](#tfn5-pi-2019-0225){ref-type="table-fn"}^         5.56±1.65       5.76±1.48                       5.91±1.22     5.71±1.24     6.38±1.16     6.65±1.04     4.60^[\*](#tfn2-pi-2019-0225){ref-type="table-fn"}^     3.68                                                       11.77^[\*\*](#tfn3-pi-2019-0225){ref-type="table-fn"}^
   Digit span backward^[†](#tfn5-pi-2019-0225){ref-type="table-fn"}^        4.35±1.20       4.21±0.95                       4.35±1.39     4.38±1.33     4.76±1.26     4.97±1.24     4.68^[\*](#tfn2-pi-2019-0225){ref-type="table-fn"}^     8.02^[\*\*](#tfn3-pi-2019-0225){ref-type="table-fn"}^      2.61
   Visual span forward^[†](#tfn5-pi-2019-0225){ref-type="table-fn"}^        5.12±1.37       5.38±1.02                       5.71±0.91     5.50±1.05     5.65±0.85     5.62±0.95     1.06                                                    0.40                                                       0.58
   Visual span backward                                                     5.26±0.99       5.35±1.04                       5.24±1.05     4.85±1.18     5.03±1.03     5.32±0.73     1.98                                                    2.12                                                       0.29
   ACPT_rt^[†](#tfn5-pi-2019-0225){ref-type="table-fn"}^                    0.69±0.06       0.68±0.05                       0.67±0.05     0.68±0.07     0.67±0.07     0.67±0.09     1.08                                                    0.26                                                       0.91
   VCPT_rt^[†](#tfn5-pi-2019-0225){ref-type="table-fn"}^                    0.45±0.06       0.45±0.05                       0.45±0.05     0.44±0.06     0.44±0.06     0.44±0.07     0.01                                                    0.01                                                       0.03
  Memory                                                                                                                                                                                                                                                                                               
   Learn total                                                              43.09±8.91      50.76±14.13                     56.15±14.11   46.85±9.66    54.85±11.64   60.85±11.59   0.20                                                    0.01                                                       0.48
   Learn index                                                              5.74±2.37       5.62±2.19                       3.79±3.49     6.29±2.21     5.59±2.56     3.74±2.39     0.58                                                    0.06                                                       3.17
   Delayed recall^[†](#tfn5-pi-2019-0225){ref-type="table-fn"}^             9.06±2.71       10.35±3.28                      11.41±3.48    9.76±3.24     11.53±3.26    12.71±3.19    0.50                                                    0.42                                                       1.82
   Delayed recognition^[†](#tfn5-pi-2019-0225){ref-type="table-fn"}^        12.21±2.16      12.68±2.66                      12.56±3.32    11.68±3.91    13.56±1.65    14.12±1.65    4.02^[\*](#tfn2-pi-2019-0225){ref-type="table-fn"}^     4.14^[\*](#tfn2-pi-2019-0225){ref-type="table-fn"}^        6.70^[\*](#tfn2-pi-2019-0225){ref-type="table-fn"}^
   Percentage of forgetting                                                 0.19±0.12       0.18±0.17                       0.12±0.18     0.19±0.20     0.13±0.17     0.09±0.20     0.63                                                    1.89                                                       0.84
   Proactive interference                                                   -0.01±0.45      0.04±0.74                       0.38±0.35     -0.07±0.44    0.14±0.37     0.38±0.30     0.63                                                    0.75                                                       1.89
   Retroactive interference^[†](#tfn5-pi-2019-0225){ref-type="table-fn"}^   0.21±0.17       0.23±0.18                       0.12±0.17     0.23±0.24     0.09±0.14     0.10±0.18     7.04^[\*\*](#tfn3-pi-2019-0225){ref-type="table-fn"}^   14.04^[\*\*\*](#tfn4-pi-2019-0225){ref-type="table-fn"}^   0.91
  Executive function                                                                                                                                                                                                                                                                                   
   Stroop interference^[†](#tfn5-pi-2019-0225){ref-type="table-fn"}^        2.10±0.77       1.92±0.62                       1.79±0.41     2.15±0.61     1.94±0.56     1.84±0.56     0.09                                                    0.04                                                       0.10
   TMT B_rt                                                                 85.53±43.14     77.44±39.70                     73.97±40.97   86.35±29.74   80.18±25.51   72.88±33.00   0.12                                                    1.92                                                       0.54
  Depression                                                                                                                                                                                                                                                                                           
   K-GDS-SF                                                                 4.44±3.48       4.18±2.79                       5.18±4.01     4.49±3.67     3.86±3.01     3.77±3.73     3.58^[\*](#tfn2-pi-2019-0225){ref-type="table-fn"}^     0.27                                                       7.42^[\*\*](#tfn3-pi-2019-0225){ref-type="table-fn"}^

RMANOVA was carried out with age, sex, and education as covariates. ANCOVA was carried out with age, sex, education, and test score at T0 as covariates.

p\<0.05,

p\<0.01,

p\<0.001,

multivariate test was used because sphericity assumption was not met in Mauchly's test.

T0, pre-intervention; T1, post-intervention; T2, four-week follow-up. MoCA-K: Korean Version of the Montreal Cognitive Assessment, ACPT_rt: Auditory Continuous Performance Test_reaction time, VCPT_rt: Visual Continuous Performance Test_reaction time, TMT B_rt: Trail Making Test B\_ reaction time, K-GDS-SF: Korean Version of the Geriatric Depression Scale Short Form, RMANOVA: repeated measure analysis of variance, ANCOVA: analysis of covariance

###### 

Results of RMANOVA and ANCOVA after cognitive intervention

  Measures                                                                  RMANOVA   ANCOVA                                                                                                                                                                                                                                                                                                             
  ------------------------------------------------------------------------- --------- ------------------------------------------------------- ------ ------- --- ---------------------------------------------------------- ------ ----------------------------------------------------- --------------------------------------------------------- ----------------------------------------------------- ------
  Global cognitive function                                                                                                                                                                                                                                                                                                                                                                              
   MoCA-K                                                                   2         3.23^[\*](#tfn6-pi-2019-0225){ref-type="table-fn"}^     0.06   0.24    1   0.18                                                       0.14   2.11                                                  5.13^[\*\*\*](#tfn8-pi-2019-0225){ref-type="table-fn"}^   0.00                                                  0.24
  Attention                                                                                                                                                                                                                                                                                                                                                                                              
   Digit span forward^[†](#tfn9-pi-2019-0225){ref-type="table-fn"}^         2         4.53^[\*](#tfn6-pi-2019-0225){ref-type="table-fn"}^     0.34   1.64    1   3.51                                                       0.54   1.44                                                  11.29^[\*](#tfn6-pi-2019-0225){ref-type="table-fn"}^      0.83                                                  0.00
   Digit span backward^[†](#tfn9-pi-2019-0225){ref-type="table-fn"}^        2         4.60^[\*](#tfn6-pi-2019-0225){ref-type="table-fn"}^     0.09   0.84    1   7.83^[\*\*](#tfn7-pi-2019-0225){ref-type="table-fn"}^      0.20   0.52                                                  2.47                                                      0.03                                                  0.17
   Visual span forward^[†](#tfn9-pi-2019-0225){ref-type="table-fn"}^        2         1.37                                                    1.22   2.72    1   0.37                                                       0.37   0.51                                                  0.58                                                      0.10                                                  0.00
   Visual span backward                                                     2         0.02                                                    2.27   1.28    1   2.01                                                       0.28   0.84                                                  0.16                                                      0.06                                                  0.70
   ACPT_rt                                                                  2         0.95                                                    0.74   0.40    1   0.05                                                       0.34   1.35                                                  0.25                                                      0.05                                                  0.80
   VCPT_rt                                                                  2         1.87                                                    0.61   0 .18   1   0.02                                                       0.97   0.56                                                  0.05                                                      2.92                                                  0.92
  Memory                                                                                                                                                                                                                                                                                                                                                                                                 
   Learn total                                                              2         0.22                                                    0.78   0.17    1   0.01                                                       0.68   0.20                                                  0.47                                                      0.13                                                  0.11
   Learn index                                                              2         0.55                                                    0.66   1.07    1   0.04                                                       2.09   1.74                                                  0.12                                                      0.04                                                  0.31
   Delayed recall                                                           2         0.50                                                    0.01   0.09    1   0.40                                                       0.01   0.04                                                  1.75                                                      0.00                                                  0.01
   Delayed recognition^[†](#tfn9-pi-2019-0225){ref-type="table-fn"}^        2         4.02^[\*](#tfn6-pi-2019-0225){ref-type="table-fn"}^     0.05   0.64    1   3.99                                                       0.01   0.01                                                  6.53^[\*](#tfn6-pi-2019-0225){ref-type="table-fn"}^       0.02                                                  0.26
   Percentage of forgetting                                                 2         0.62                                                    0.65   1.68    1   1.93                                                       0.23   5.08^[\*](#tfn6-pi-2019-0225){ref-type="table-fn"}^   0.77                                                      0.48                                                  0.00
   Proactive interference                                                   2         0.64                                                    0.01   0.75    1   0.74                                                       0.01   0.84                                                  0.22                                                      0.08                                                  2.84
   Retroactive interference^[†](#tfn9-pi-2019-0225){ref-type="table-fn"}^   2         7.26^[\*\*](#tfn7-pi-2019-0225){ref-type="table-fn"}^   1.20   0.40    1   14.09^[\*\*\*](#tfn8-pi-2019-0225){ref-type="table-fn"}^   0.71   0.75                                                  0.88                                                      0.01                                                  0.08
  Executive function                                                                                                                                                                                                                                                                                                                                                                                     
   Stroop interference                                                      2         0.08                                                    3.05   0 .01   1   0.07                                                       2.59   0.74                                                  0.16                                                      5.13^[\*](#tfn6-pi-2019-0225){ref-type="table-fn"}^   0.91
   TMT B_rt                                                                 2         0.11                                                    0.29   0.10    1   1.84                                                       0.33   0.90                                                  0.54                                                      0.06                                                  0.20
  Depression                                                                                                                                                                                                                                                                                                                                                                                             
   K_GDS_SF                                                                 2         3.66^[\*](#tfn6-pi-2019-0225){ref-type="table-fn"}^     0.56   0.56    1   0.29                                                       0.05   0.77                                                  7.68^[\*\*](#tfn7-pi-2019-0225){ref-type="table-fn"}^     0.58                                                  1.07

RMANOVA was carried out with age, sex, and education as covariates. ANCOVA was carried out with age, sex, education, and test score at pre-intervention as covariates.

p\<0.05,

p\<0.01,

p\<0.001,

mutivariate test was used because sphericity assumption was not met in Mauchly's test.

MoCA-K: Korean Version of the Montreal Cognitive Assessment, ACPT_rt: Auditory Continuous Performance Test_reaction time, VCPT_rt: Visual Continuous Performance Test_reaction time, TMT B_rt: Trail Making Test B\_ reaction time, K-GDS-SF: Korean Version of the Geriatric Depression Scale Short Form, RMANOVA: repeated measure analysis of variance, ANCOVA: analysis of covariance

[^1]: These authors contributed equally to this work.
